We have previously shown that OX40L/OX40 interaction is critical for TCR-independent selective proliferation of Foxp3 + Tregs, but not Foxp3 − effector T-cells (Teff), when CD4 + T-cells are co-cultured with GM-CSF derived bone marrow dendritic cells (G-BMDCs). Events downstream of OX40L/OX40 interaction in Tregs responsible for this novel mechanism are not understood. Earlier, OX40L/OX40 interaction has been shown to stimulate CD4 + T-cells through the formation of a signalosome involving TRAF2/PKC-Ѳ leading to NF-kB activation. In this study, using CD4 + T-cells from WT and OX40 −/− mice we first established that OX40 mediated activation of NF-kB was critical for this Treg proliferation. Although CD4 + T-cells from PKC-Ѳ −/− mice were also defective in G-BMDC induced Treg proliferation ex vivo, this defect could be readily corrected by adding exogenous IL-2 to the co-cultures. Furthermore, by treating WT, OX40 −/− , and PKC-Ѳ −/− mice with soluble OX40L we established that OX40L/OX40 interaction was required and sufficient to induce Treg proliferation in vivo independent of PKC-Ѳ status. Although PKC-Ѳ is dispensable for TCR-independent Treg proliferation per se, it is essential for optimum IL-2 production by Teff cells. Finally, our findings suggest that OX40L binding to OX40 likely results in recruitment of TRAF1 for downstream signalling.
necrosis factor (TNF) superfamily (TNFSF4), and is the only known ligand for OX40 14 . OX40, a TNF-receptor superfamily (TNFRSF) member (TNFRSF4) also known as CD134 15 has remained as the only identified receptor for OX40L 16 . It is believed that OX40L/OX40 interaction acts as a co-stimulatory signal during TCR-mediated T-cell activation 17, 18 and supports prolonged clonal expansion and cytokine secretion 19, 20 . Apart from effector T-cell activation, OX40L/OX40 interaction has been shown to also influence adaptive Treg generation and proliferation 21 , and thymic Treg differentiation 22 . However, these findings have been attributed to OX40L/OX40 mediated co-stimulation in the presence of primary activation signal delivered upon TCR ligation to MHC presented antigens.
The literature on the role of OX40 signalling in TCR-independent activation of T-cells is sparse. Upon ligand binding, TNFR family members including OX40 typically signal through the TNF receptor associated factor (TRAF) family of phylogenetically conserved scaffold proteins 23 to cause NF-kB activation [24] [25] [26] . Different studies have shown association of TRAF1, TRAF2, TRAF3 or TRAF5 with OX40 24, 25, [27] [28] [29] [30] . While TCR-associated OX40 signalling can lead to the activation of MAPK, PI3K 31 and AKT 31, 32 , in the absence of TCR-engagement, ligation of OX40 by OX40L can lead to NF-kB activation through the formation of a "signalosome" containing TRAF2 and protein kinase C-theta (PKC-Ѳ) 33 . PKC-theta (PKC-Ѳ) is a member of the Protein Kinases C (PKC) family which consist of serine/threonine kinases involved in controlling the differentiation and growth of several types of cells 34 . PKC-Ѳ was first cloned from a library of cDNA generated from human peripheral blood lymphocytes 34 . It is expressed in relatively restricted pattern and found primarily in hematopoietic cells 34, 35 . It was found expressed in T-cells, natural killer cells, mast cells, and platelets, but, it was not detected in B-cells, monocytes, macrophages, neutrophils, and erythrocytes [35] [36] [37] [38] . The expression of PKC-Ѳ in T-cells vary based on homing organ, it is high in the thymus and lymph nodes, low in the spleen, and undetectable in bone marrow [35] [36] [37] . PKC-Ѳ is known to play a critical role as part of the "immunological synapse, " at the interface of antigen presenting cells and T-cells that is required for TCR-mediated T-cell activation 39, 40 . Because of its role in T-cell activation and function [41] [42] [43] , PKC-Ѳ is targeted for developing novel immunosuppressive regimens 44, 45 . In contrast to the above mentioned immune-stimulatory role, PKC-Ѳ −/− mice exhibit low Treg frequency in the periphery 46 ; possibly a consequence of an intrinsic defect in thymic Treg development and/or a Treg extrinsic defect in IL-2 production by Teff 46, 47 . However, if PKC-Ѳ was indeed involved in TCR-independent Treg proliferation, it would point to an alternative mechanism behind the low Treg numbers found in PKC-Ѳ deficient mice.
In the present work, we investigated whether the underlying mechanism of TCR-independent proliferation of Tregs observed in ex vivo G-BMDCs/T-cell co-cultures involved OX40-dependent activation of NF-kB through formation of TRAF2/PKC-Ѳ signalosome. First, by co-culturing T-cells from OX40 −/− mice with G-BMDCs, we confirmed the critical role of OX40L/OX40 interaction in TCR-independent Treg proliferation. Further, using soluble OX40L treatment, we established that OX40L/OX40 interaction was sufficient to cause functional Treg proliferation in vivo. Next, we demonstrated that TCR-independent Treg proliferation likely involved OX40 association with TRAF1, leading to NF-kB activation and cell cycle progression. Further, using T-cells from PKC-Ѳ −/− mice we established that PKC-Ѳ was primarily required for IL-2 production by Teff, which was needed for Treg survival. Proliferation of PKC-Ѳ −/− Tregs upon supplementation with exogenous IL-2 suggested that expression of PKC-Ѳ per se was dispensable for TCR-independent Treg proliferation.
Results

OX40L/OX40 interaction is indispensable for G-BMDC-induced ex vivo expansion of Tregs.
In earlier studies we have shown that GM-CSF treatment can prevent the development of autoimmune diseases in multiple mouse models [48] [49] [50] [51] [52] . The therapeutic effect of GM-CSF treatment was mediated through the mobilization of tolerogenic dendritic cells 48 , which caused the proliferation of Tregs that suppressed the autoimmune disease via increased IL-10 production 53 . Further, we have shown that GM-CSF derived bone marrow DCs (G-BMDCs) can induce robust proliferation of Foxp3 + Tregs in ex vivo co-cultures with CD4 + T-cells 13 . Additionally, we had found that OX40L/OX40 interaction was critical for this Treg proliferation 13 .
In this study, we wanted to further explore the specific role of OX40L/OX40 interaction in G-BMDC mediated selective Treg proliferation. First we co-cultured splenic CD4 + T-cells isolated from WT and OX40 −/− mice with G-BMDCs generated from WT bone marrow progenitors and measured the proliferation of Tregs (Fig. 1a ). We observed a significant reduction (p < 0.0005) in the proliferation of OX40 −/− Tregs compared to WT Treg counterparts ( Fig. 1a ). Next we analysed the expression of OX40 which showed, as expected, the absence of OX40 expression on CD4 + T-cells derived from OX40 −/− (Fig. 1b) . Further, we observed that almost all the proliferating WT Tregs were OX40 + (Fig. 1c ). These results confirmed our earlier studies that OX40 signalling is a critical requirement in G-BMDC-induced Treg proliferation.
Previous studies have reported a negative effect of OX40L on Foxp3 expression 54, 55 . However, in our study we did not find any reduction in Foxp3 expression in Tregs expanded with OX40L either in vitro or in vivo ( Supplementary Fig. S1 ). Next we analysed whether proliferating Tregs retained their suppressive phenotype. We characterized the expression of CTLA4, Eos, CD39 and CD44 which typically determine the suppressive phenotype of Tregs [56] [57] [58] [59] [60] [61] [62] . When compared to the resting Tregs, a higher percentage of proliferating Tregs expressed these markers ( Supplementary Fig. S2 ). These results showed that Tregs expanded by G-BMDCs maintained their suppressive phenotype and thus likely their suppressive function.
OX40L treatment increases functional Treg numbers in vivo and reduces insulitis in NOD mice.
To demonstrate that this mechanism of Treg proliferation is conserved in vivo, we treated 6-week old NOD mice with three doses (dose/week) of either OX40L or PBS. After the fourth week, we analysed for the expression of suppressor function markers on Tregs. OX40L treated NOD mice showed a substantial increase in Tregs that were positive for CD39 ( Fig. 2a ), a marker of Treg function 59, 60 , and CD44 (Fig. 2b) , a marker of Treg stability and function 61, 62 . In order to evaluate the suppressive function of in vivo expanded Tregs, SCIentIfIC REpoRts | 7: 6594 | DOI:10.1038/s41598-017-05254-8
CD4 + CD25 − T-cells isolated from untreated diabetic NOD mice were labelled with CellTrace violet and cultured in the presence of splenic APCs with and without stimulation with anti-CD3. To these cultures, we added Tregs from the untreated control or OX40L treated mice in different ratios ( Fig. 2c and d ). Tregs from OX40L treated mice showed suppressive function that was comparable to Tregs isolated from untreated control mice ( Fig. 2c and d). Collectively these results suggested that OX40 signalling in vivo can expand Tregs without the loss of their suppressive function. Furthermore, when we analysed pancreatic sections of treated and untreated mice at 23 weeks of age by H&E staining, we found many intact islets in the OX40L treated group while most of the islets from untreated mice were heavily infiltrated with lymphocytes ( Fig. 2e) . Additionally, we observed many insulin positive islets in the pancreatic sections from OX40L treated mice while such islets were sparse in the untreated group ( Fig. 2f ). Thus, the increase in Tregs in vivo upon OX40L treatment was also functionally correlated with reduced lymphocyte migration to pancreatic islets and consequently lower islet loss.
Critical involvement of NF-kB in G-BMDC-induced ex vivo Treg proliferation. Depending on the
presence or absence of TCR signalling, it is known that OX40 can act as a co-stimulatory molecule or as an independent receptor, and activate different down-stream signals mediated by different kinases including MAPK and PI3K 31, 63 . To understand which particular signalling pathways were involved in the OX40 dependent proliferation of Tregs, we incubated either total CD4 + T cells or CD4 + CD25 + Tregs with kinase inhibitors targeting the EGFRK, p38 MAPK, PKC, PI3K and IKK2 (NF-kB) signalling pathways. Subsequently, we co-cultured G-BMDCs with these kinase inhibitor exposed and CellTrace violet labelled CD4 + T cells and Tregs supplemented with IL-2, and measured the extent of cell proliferation using flow cytometry ( Fig. 3a ). We found reduction in Treg proliferation upon inhibition of IKK2 kinase, in both CD4 + T-cell as well as CD4 + CD25 + Treg co-cultures supplemented with IL-2. These results suggested that activation of the NF-kB signalling pathway is critical for G-BMDC mediated Treg proliferation.
To elucidate the importance of NF-kB signalling in the TCR-independent proliferation of Tregs, we analysed the phosphorylation of RelA and RelB, signalling molecules involved in NF-kB heterodimer formation in Tregs after co-culture with G-BMDCs. We co-cultured WT and OX40 −/− CD4 + T-cells with MHC class II −/− G-BMDCs in the presence of exogenous IL-2. After five days ( Fig. 3b ), cells were harvested and analysed by flow CD4 + CD25 + T-cells isolated from NOD mice spleen were CellTrace violet-labelled, incubated for 6 hrs in the presence of various kinase inhibitors, and then co-cultured with WT-BMDCs in the absence (total CD4+ T cells) or presence (CD4 + CD25 + T-cells) of exogenous IL-2 (5 U/ml). Cells were harvested on day 5 and analysed by flow cytometry for Treg proliferation. Representative dot plots for Treg proliferation are shown for indicated inhibitors. (b) WT and OX40-KO splenic CD4+ T-cells were isolated, labelled with CellTrace violet and cocultured with MHC-class II-KO-BMDCs in presence of exogenous IL-2 (1 U/ml). After 5 days, cells were harvested and analysed by flow cytometry for activation of NF-kB pathway. Mean fluorescence intensity (MFI) of the indicated molecules are shown in bar graphs. (c) CD4 + T-cells isolated from splenocytes were treated with IL-2 alone or with IL-2 and OX40L for 24 h. Cells were lysed and analysed for NF-kB-p65 phosphorylation using total and phospho-p65 antibodies by western blot. Values show average ± SD, *P < 0.05, **p < 0.005, and ***p < 0.0005. cytometry for the extent of phosphorylation of RelA and RelB by comparing their mean fluorescence intensities (MFI). The MFIs of pRelA, and pRelB were significantly (p < 0.05 for both) up-regulated in the WT Tregs suggesting NF-kB activation upon OX40L signalling ( Fig. 3b ). We also confirmed increased phosphorylation of NF-kB p65 (RelA) upon soluble OX40L/IL-2 co-treatment of WT CD4 + T-cells ex vivo by Western blot (Fig. 3c ). These data collectively suggested that OX40 activation even in the absence of TCR-stimulation leads to the activation of NF-kB in Tregs, which in turn may be critical for Treg proliferation.
PKC-Ѳ −/− T-cells exhibit defective Treg-proliferation in G-BMDC co-cultures. It has been sug-
gested that OX40 activation upon OX40L binding, in the absence of TCR-engagement, is capable of up-regulating NF-kB through the formation of a "signalosome" consisting of TRAF2 and PKC-Ѳ 33 . Therefore, PKC-Ѳ has been thought to be a critical component of the "signalosome" involved in OX40 mediated signalling independent of TCR-activation. On account of these earlier findings, we investigated the role of PKC-Ѳ in G-BMDC mediated Treg proliferation. Total CD4 + T cells were isolated from the spleens of PKC-Ѳ −/− mice and co-cultured with WT G-BMDCs to measure Treg proliferation ( Fig. 4a and b ). While WT Tregs proliferated robustly, PKC-Ѳ −/− Tregs exhibited weak proliferation (55 ± 7.4% vs 13.2 ± 4.2%), suggesting a possible role for PKC-Ѳ in G-BMDC mediated Treg proliferation ( Fig. 4a and b ).
Exogenous IL-2 restores proliferation of PKC-Ѳ −/− Tregs in G-BMDC co-cultures.
We have previously shown that MHC class II −/− G-BMDCs were capable of inducing Treg proliferation; however, this proliferation was dependent on the presence of exogenous IL-2 13 . To see if a deficit in IL-2 production was responsible for the substantially reduced proliferation of PKC-Ѳ −/− Tregs, we isolated CD4 + CD25 + Tregs from WT, PKC-Ѳ −/− , and OX40 −/− mice, and co-cultured these cells separately with either anti-CD3/anti-CD28 coated beads, WT G-BMDCs, or MHC class II −/− G-BMDCs in the presence of exogenous IL-2 and measured Treg proliferation ( Fig. 4c and d) . We observed comparable levels of proliferation of both OX40 −/− and WT Tregs when stimulated with anti-CD3/antiCD28 suggesting that these cells were competent for TCR-dependent proliferation ( Fig. 4c  and d ). However, when co-cultured with either WT G-BMDCs or MHC class II −/− G-BMDCs, OX40 −/− Tregs showed significantly (p < 0.0005, p < 0.05, respectively) reduced proliferation compared to WT Tregs ( Fig. 4c  and d ). These results suggested that OX40 signalling is indispensable for the TCR independent, and not for the TCR-dependent, Treg proliferation. Further, this requirement could not be rectified by the addition of exogenous IL-2. In contrast, proliferation was restored to WT levels in PKC-Ѳ −/− Tregs when co-cultured with either WT G-BMDCs or MHC class II −/− G-BMDCs supplemented with IL-2 ( Fig. 4c and d) .
Next, we analysed whether PKC-Ѳ −/− T-cells have defective IL-2 production. As shown in supplementary Fig. S3 , PKC-Ѳ −/− T-cells showed impaired IL-2 production compared to WT-T-cells. In order to further investigate the role of IL-2 in PKC-Ѳ −/− Treg proliferation, we co-cultured total CD4 + T-cells from WT, OX40 −/− , and PKC-Ѳ −/− mice with WT G-BMDCs or MHC class II −/− G-BMDCs in the presence or absence of exogenous IL-2. As expected, the WT CD4 + T-cells proliferated efficiently and comparably when co-cultured with WT-G-BMDCs in the presence or absence of exogenous IL-2 ( Fig. 5a and b ). Additionally, when co-cultured with MHC class II −/− G-BMDCs, WT CD4 + T-cells showed poor proliferation, which was restored upon the addition of IL-2 ( Fig. 5a and b ). OX40 −/− CD4 + T-cells co-cultured with either WT G-BMDCs or MHC class II −/− G-BMDCs showed impaired Treg proliferation compared to WT Tregs both in the presence or absence of IL-2 ( Fig. 5a and b ). This supported our previous results and suggested that OX40 signalling is critically required for G-BMDC-induced Treg proliferation. On the contrary, we observed partially (24.8 ± 3.1% vs 56.3 ± 5.2% in WT) and fully (1.2 ± 0.7% vs 18.0 ± 8.6% in WT) impaired PKCѲ −/− Treg proliferation in co-cultures with WT G-BMDCs or MHC class II −/− G-BMDCs respectively. Interestingly, PKC-Ѳ −/− Treg proliferation was largely restored in both co-cultures upon supplementation with exogenous IL-2 ( Fig. 5a and b ). These data suggested that PKC-Ѳ is not critically required as a downstream partner of OX40 mediated signalling for Treg proliferation, but may be required for IL-2 production. Collectively, these data suggested that while OX40 signalling plays a critical and direct role in TCR-independent Treg proliferation, PKC-Ѳ may play an indirect role by facilitating IL-2 production, likely by Teff cells.
PKC-Ѳ is required for IL-2 production by Teff cells, which is critical for Treg proliferation in G-BMDC co-cultures.
To investigate the hypothesis that PKC-Ѳ is required for the production of IL-2 by Teffs which in turn is required for the proliferation of Tregs, we co-cultured Tregs and Teffs from WT, OX40 −/− and PKC-Ѳ −/− mice in various combinations and measured Treg proliferation. First, we isolated CD4 + CD25 + (Tregs) and CD4 + CD25 − (Teffs) T cells from WT, OX40 −/− and PKC-Ѳ −/− mice. Subsequently, WT Tregs, labelled with CellTrace violet, were co-cultured with Teffs from WT, OX40 −/− or PKC-Ѳ −/− mice in the presence of WT-BMDCs. In the presence of OX40 −/− Teff cells, WT Tregs proliferated to a level comparable to that with WT Teffs (Fig. 6a ). However, WT Treg proliferation was significantly (p < 0.05) reduced when co-cultured with PKC-Ѳ −/− Teffs relative to when co-cultured with WT Teffs. These results suggested a role for PKC-Ѳ in IL-2 production by Teffs ( Fig. 6a ). To further establish that the primary defect in PKC-Ѳ −/− Teffs was in IL-2 production we cultured MHC-II −/− BMDCs and WT Tregs, with Teffs from WT, OX40 −/− , or PKC-Ѳ −/− mice in the presence of exogenous IL-2. As expected, no defect in Treg proliferation was observed when MHC-II −/-BMDCs and WT-Tregs were co-cultured with OX40 −/− Teffs. Furthermore, MHC-II −/− BMDCs and WT Tregs co-cultured with PKC-Ѳ −/− Teffs and supplemented with IL-2 also did not exhibit a defect in Treg proliferation, supporting a primary role of PKC-Ѳ in IL-2 production by Teffs (Fig. 6b) .
In complementary experiments, to evaluate the competence of PKC-Ѳ −/− Tregs in TCR-independent proliferation, WT Teffs were co-cultured with Tregs isolated from OX40 −/− or PKC-Ѳ −/− mice in the presence of either WT BMDCs (or MHC-II −/− BMDCs in the presence of IL-2) and Treg proliferation was measured ( Fig. 6c and d) .
In the presence of WT Teffs, PKC-Ѳ −/− Tregs proliferated to WT Treg levels either in the presence of WT BMDCs (Fig. 6c ) or MHC-II −/− BMDCs/IL-2 (Fig. 6d ). This established that PKC-Ѳ −/− Tregs are intrinsically competent for TCR-independent proliferation, so long as the Teffs are capable of secreting IL-2. However, OX40 −/− Tregs co-cultured in the presence of WT Teffs and WT G-BMDCs showed a substantially lower Treg proliferation compared to that of PKC-Ѳ −/− Tregs. This defect in OX40 −/− Treg proliferation was also observed when OX40 −/− Tregs were cultured in the presence of WT Teffs and MHC-II −/− BMDCs with IL-2 supplementation (Fig. 6d) . These results further suggested that requirement of OX40 signalling is intrinsic to, and indispensable for, the ex vivo proliferation of Tregs.
PKC-Ѳ is dispensable for OX40L-mediated in vivo Treg expansion.
To investigate the requirement of OX40 signalling in vivo and further test the requirement of PKC-Ѳ, we administered OX40L three times (once/ week) intraperitoneally (i.p.) to WT, OX40 −/− and PKC-Ѳ −/− mice and measured the percentages of Tregs one week after the last treatment ( Fig. 6e and f) . With OX40L treatment, WT and PKC-Ѳ −/− mice showed an increase in the percentage of Tregs within the CD4 + splenocyte population when compared to their untreated counterparts ( Fig. 6e ). On the other hand, no change in Treg percentage was observed in OX40L-treated OX40 −/− mice (Fig. 6e ). While we observed an increase in the percentage of Tregs within the CD4 + thymocytes from OX40L treated WT and PKC-Ѳ −/− mice compared to their untreated counterparts, we failed to see a similar increase in Tregs in OX40L treated OX40 −/− mice (Fig. 6f ). These results are consistent with our ex vivo data and suggested that OX40L-induced Treg proliferation did not critically require PKC-Ѳ for OX40 mediated signalling.
OX40 likely associates with TRAF1 in a Treg specific manner to drive TCR-independent Treg proliferation. In our recent studies we have used microarray analysis to compare gene expression differences between G-BMDC directed proliferating Tregs and resting Tregs 64 (NCBI-GEO; Accession No. GSE81051). Upon further analysis of gene array data (Fig. 7a) , we observed strong upregulation of OX40, 4-1BB, and GITR mRNA (with moderate upregulation of TNFR2) amongst members of the TNFR super family, in proliferating versus resting Tregs (Fig. 7a i) . The signalling via TNF-receptors in general and OX40 in particular has been shown to induce the formation of a signalosome which subsequently activates NF-kB pathway. The main components of the signalosome are the TNF-receptor associated factor (TRAF) family members (TRAF1-7). Among the TRAFs, we found maximum elevation in the expression of TRAF1 mRNA in the proliferating Tregs (Fig. 7a ii) . Among the cell cycle related molecules we found up-regulation of CDK1 (Fig. 7a iii) and cyclin D2 ( Fig. 7a iv) mRNAs in proliferating Tregs. NF-kB has been shown to activate cyclin D2 to promote cell cycle progression in resting T-cells 65 . Further, CDK1 has been shown to be able to bind to all cyclins (including Cyclin D2) and appears to be capable of driving cell cycle progression in the absence of other interphase CDKs 66 . Thus, OX40 may associate with TRAF1 to activate NF-kB signalling, leading to cyclin D2 synthesis and cell proliferation in Tregs.
To further investigate the involvement of TRAF1 in Treg proliferation, we first used real time PCR to determine if TRAF1 was preferentially expressed in Tregs compared to Teff. We isolated total RNA from Tregs (CD4 + CD25 + ) and Teff (CD4 + CD25 − ) from the spleens of wild type mice, synthesized cDNA and conducted real-time PCR using primers for mouse TRAF1-7 ( Supplementary Table S1 ). Interestingly, TRAF1 was found to be significantly (p < 0.05) upregulated in Tregs compared Teff (Fig. 7b ), which is also consistent with similar observation in human Tregs 67 .
To evaluate if TRAF1 was associated with OX40 in Tregs upon OX40L stimulation, we isolated total splenic CD4 + T cells and cultured them in the presence of IL-2 with or without OX40L. Subsequently, we stained the cells for TRAF1, OX40, and Foxp3, and analysed them by confocal microscopy. We found that Tregs (Foxp3 + ) exposed to OX40L showed increased co-localization of TRAF1 and OX40 compared to Tregs which did not receive OX40L (Fig. 7c) . These data suggested that TRAF1 is likely involved in OX40-downstream signalling leading to NF-kB activation and proliferation of Tregs.
Discussion
Dendritic cells play a critical role in regulating innate and adaptive immunity including regulatory and effector T-cell responses. DCs express a wide array of co-stimulatory molecules which facilitate antigen presentation and T-cell expansion. However a subset of DCs namely, tolerogenic DCs have been shown to promote immune-tolerance by expanding Tregs which can suppress effector T-cell responses [48] [49] [50] . OX40L is a co-stimulatory molecule expressed on a subset of DCs which can enhance T-cell activation and effector function upon TCR activation. Additionally, OX40L expressing DCs can enhance Th2 cell differentiation from naïve T-cells and promote Th2 responses [68] [69] [70] . Consistent with this, in a recent study, OX40L expressing monocyte derived DCs have been reported to bridge human B-cell and T-cell communication and promote Th2 cell expansion 71 . In our earlier study, we found increased Tregs in NOD mice treated with soluble OX40L and Jagged-1 and also observed increased Th2 cytokine expression upon TCR stimulation in vitro 64 . Interestingly, naïve Tconv cells do not express OX40 and require TCR activation to gain transient OX40 expression. Therefore, upon TCR activation OX40L might drive Th2 polarization and proliferation of activated Teff cells. In contrast, under steady state conditions, we found Tregs constitutively expressing OX40 and identified a unique subset of bone marrow derived OX40L + DCs which are capable of selectively expanding Tregs in a TCR-independent manner without affecting effector T-cell proliferation 13 .
There are two unique features of our finding of G-BMDC mediated Treg proliferation that sets it apart from canonical TCR-dependent T-cell activation and proliferation 1 . Firstly, it differentially drives the proliferation of Foxp3 + Tregs. Secondly, this proliferation is independent of MHC-II/TCR interaction. We had earlier identified OX40L expressed by G-BMDCs to be a critical ligand in this G-BMDC/Treg interaction. OX40L signals through its cognate receptor OX40, which is constitutively expressed on Tregs 72 . Since IL-2 acts as an indispensable survival factor for Tregs 73 , the constitutive co-expression of the IL-2 receptor (i.e. CD25) and OX40 may provide a basis for the Treg specificity of OX40L induced proliferation. Earlier studies have reported a decrease in Tregs in OX40 −/− mice and an increase in Tregs in OX40L over-expressing mice 74 in support of our findings. Therefore, we used CD4 + T-cells from OX40 −/− mice in our G-BMDC co-cultures and confirmed that OX40L/OX40 interaction was required for Treg proliferation ex vivo (Fig. 1) . Using NOD mice, we also established that OX40L treatment is capable of expanding functional Tregs in vivo (Fig. 2) . Interestingly, using kinase inhibitors to identify signalling pathways critical for G-BMDC induced TCR-independent Treg proliferation we found potential involvement of NF-kB mediated signalling (Fig. 3) .
Contrary to the widely accepted concept of TCR/TGF-β dependent origin of adaptive Tregs 75 , MHC class II-TCR-independent Treg generation and T-cell activation have been reported earlier 76 . Furthermore, TCR-independent activation of CD28 77 , the most characterized of the TCR-associated co-stimulatory molecules, has been reported to result in the enhancement of T-cell survival 78 and cytokine production 79 . In the absence of TCR stimulation, CD28 stimulation is able to drive IKKα and a non-canonical NF-kB pathway leading to the activation of RelA/p52 80 . Echoing such an underlying mechanism, OX40 has been shown to associate with TRAF2 in a TCR-independent manner to form a signalosome along with PKC-Ѳ to activate NF-kB signalling and enhance T-cell survival and proliferation 33 .
We therefore used CD4 + T-cells from PKC-Ѳ deficient mice to verify if the above mechanism was responsible for our observed phenomenon. Although PKC-Ѳ −/− Tregs were unable to proliferate robustly, they could be readily induced to proliferate by adding exogenous IL-2 ( Fig. 4 ). Earlier studies have clearly shown the importance of PKC-θ signalling in T-cell activation and IL-2 production [81] [82] [83] . Consistent with these earlier observations, we also observed impaired IL-2 production from PKC-Ѳ −/− Teff when compared to wild type Teff ( Supplementary  Fig. S3 ). These results suggest that PKC-Ѳ may not be directly involved in Treg proliferation, but may be responsible for the IL-2 secretion by Teffs that was required for Treg survival. While PKC-Ѳ −/− Tregs showed proliferation comparable to that of WT Tregs, the OX40 −/− Tregs continued to show an intrinsic proliferation defect which could not be corrected by the addition of exogenous IL-2 ( Fig. 5) . Further, when we treated these mice with soluble OX40L, we found a robust increase in Treg percentages in both WT and PKC-Ѳ −/− mice, but not in OX40 −/− mice (Fig. 6) . These data suggested that OX40 ligation is critical for selective proliferation of Foxp3 + Tregs in vivo while PKC-Ѳ was dispensable. Therefore the role of PKC-Ѳ in the G-BMDC mediated Treg proliferation is primarily in the secretion of IL-2 by Teff that in turn acts as an essential survival factor for Tregs 73 .
Our data suggested that TCR independent OX40L/OX40 interaction likely activated NF-kB pathway (Fig. 3 ). It is pertinent to remember that a TCR-independent pathway has already been suggested to be involved in the development of thymic (or natural) Tregs 84, 85 . It has been suggested that self-reactive Treg precursors are rescued in the thymic medulla through a TCR-independent but IL-2R associated, STAT5 dependent mechanism 86 . To further investigate this possibility, we stimulated WT thymocytes with or without soluble OX40L in the presence of exogenous IL-2 for five days. We found that OX40L treatment induced significant (p < 0.005) increase in Treg proliferation compared to IL-2 alone ( Supplementary Fig. S4a ). Also, we found significant upregulation of pRelA and pRelB ( Supplementary Fig. S4b ). Furthermore, we found that OX40L treatment of thymocytes induced upregulation of RelA phosphorylation ( Supplementary Fig. S4c ). These data indicated that NF-kB activation was conserved between splenic and thymic Tregs as a mechanism of TCR-independent proliferation. Furthermore, we found pSTAT5 upregulation upon OX40L/IL-2 treatment compared to untreated cells ( Supplementary Fig. S4d ). It is pertinent to note that DCs have been shown to activate CD4 + T-cells to proliferate through a STAT5 dependent mechanism as well 87 . These reports suggest that although TCR-independent physiological mechanisms for both Foxp3 + and Foxp3 − CD4 + T-cell proliferation exist, Tregs may be more sensitive to these modalities of activation and proliferation. Thus, based on our data and available literature, it is possible that the convergence of NF-kB signaling through activation of OX40 by OX40L and STAT5 by IL-2 facilitates a Treg intrinsic program of proliferation independent of TCR-ligation. These possible mechanisms need to be fully elucidated in future studies.
Among the various TNF-family receptor members, we found elevated expression of OX40, TNFR2, 4-1BB and GITR mRNA in proliferating Tregs compared to control (Fig. 7) . Interestingly, the genes encoding TNFR2, GITR, 4-1BB and OX40 are located on the same chromosome in both mouse and humans 88, 89 and these same set of genes appear to be coordinately up regulated through TNFR2 activation 90 . Thus, the mechanisms involved downstream of OX40 activation in Tregs could be similar to those of well characterized TNFR2/4-1BB/GITR mediated mechanisms involved in Treg proliferation 22, 91 . While TRAF2/TRAF5 are generally associated with OX40 binding during T cell activation 24 ; TRAF1 has been associated with TNFR2 92 and 4-1BB 30, 33 ; both leading to NF-kB activation. Indeed, we found elevated TRAF1 mRNA expression in proliferating Tregs compared to controls. Further, we found increased association of OX40 and TRAF1 in Tregs in the presence of OX40L. Thus our data suggests the possibility of a novel OX40/TRAF1 interaction that may be responsible for TCR-independent Treg proliferation.
OX40 was initially characterized as an effector T-cell co-stimulatory molecule and reported to enhance Teff cell proliferation upon TCR activation 19 . OX40 expression is predominantly confined to Tregs, but not conventional T-cells (Tconv) under steady state (Fig. 1b) . The outcome of OX40L/OX40 interaction is context dependent and thus it can have pleotropic effects. OX40 expression is seen on Teff cells only upon their activation. Further, it has been characterized as a co-stimulatory molecule, which can enhance Teff cell proliferation upon TCR activation 19 . However, the precise role of OX40 signalling in Treg proliferation, function and Foxp3 expression remains unclear. Some recent studies have shown that OX40 signalling can enhance TCR-signal strength to facilitate Treg differentiation in the thymus 22 , while other studies have suggested a negative role in Treg function 55, 93 . Interestingly, the observed negative effect of OX40 signalling on Tregs was mainly due to exhaustion of IL-2 in the culture due to enhanced consumption by the proliferating Tregs, which could be readily reversed upon the addition of exogenous IL-2 55, 93 . Additionally, Tregs expanded using OX40 and IL-2R agonists were found to be potent suppressors and prevented graft rejection 94 . While these studies were carried out in the context of TCR signalling, we have identified a new pathway for the induction of Treg proliferation that is independent of canonical TCR signalling.
The mechanism of TCR-independent Treg proliferation has immense potential for clinical applications in conditions where Treg deficiency is implicated. Multiple autoimmune diseases in humans have been associated with reduced Treg populations. For example, reduced Treg numbers have been reported in patients with Sjorgen's syndrome 95 , Systemic Lupus Erythematosus (SLE) 96, 97 and T1D 98 . Therapeutic intervention through modulation of Tregs hold promise in the treatment of T-cell mediated autoimmune diseases through the restoration of immunological tolerance 99 . However, a method for specifically expanding Tregs in vivo without concomitant activation of Teff cells is still elusive. TCR-stimulation dependent protocol for ex vivo proliferation of polyclonal Tregs has been developed and is currently being used in clinical trials in T1D patients 100 . Such methods of adoptive transfer of Tregs has been found to be safe and efficacious 101 but are cumbersome. Additionally such transfusion based methods require specialized clinical facility. There are however, several methods for selective Treg proliferation in vivo under development including low dose IL-2. This method relies on a lower IL-2 responsive threshold in Tregs than memory T-cells 102 . While this method does increase polyclonal Tregs in vivo, the therapeutic efficacy is yet to be demonstrated. Similar approaches using a combination of IL-2 and rapamycin did lead to a transient increase in Tregs in vivo, but eventually exacerbated the disease 9 . Thus, a reliable protocol for selective Treg proliferation in vivo that is safe and effective is yet to be developed. Our method has the potential to selectively expand Tregs in vivo, and thus complement some of the established methods by reducing the transfusion frequency, cost and complexity.
Methods
Mice. C57B6/j wild type, OX40 −/− (C57B6/j), and NOD mice were purchased from Jackson Laboratory. The MHC Class II −/− (C57B6/j) mice were purchased from Taconic and PKC-Ѳ −/− (C57B6/j) mice were kindly provided by Dr. Zuoming Sun, Department of Molecular Immunology, City of Hope, Duarte, CA. All mice were kept in an infection free environment in the Biological Resources Laboratory at the University of Illinois at Chicago. Food and water ad libitum was provided. All animal experiments were approved and performed in accordance with the guidelines set forth by the Animal Care and Use Committee at University of Illinois at Chicago. Soluble mouse OX40L used for the in vivo treatment was provided by Dr. Alan L. Epstein, Department of Pathology, University of Southern California Keck School of Medicine, Los Angeles, CA. 6 weeks-old NOD mice were treated i.p. with OX40L (200 µg/mouse/week). One week after the last treatment, mice were euthanized and organs harvested for analysis. For insulitis studies, control and treated mice were euthanized at 23-weeks age. C57B6/j, OX40-KO, and PKC-Ѳ-KO mice were intraperitoneally (i.p.) injected three times with OX40L (100 µg/ mouse/week); one week after the last treatment mice were euthanized and organs harvested for analysis.
T-cell isolation, G-BMDCs generation, and cell co-cultures. Total CD4 + T-cells and CD4 + CD25 +
T-cells were isolated using mouse CD4 + T-cell Isolation Kit, and mouse CD4 + CD25 + Regulatory T-cell Isolation Kit, respectively (Miltenyibiotec Inc). G-BMDCs from both WT-BMDCs and MHC class II −/− mice were generated as described before 13 . Briefly, bone marrow precursors isolated from femur and tibia bones were cultured in complete RPMI supplemented with 10% heat inactivated FBS in the presence of GM-CSF (20ng/ml). After 7 days, cells were harvested and used in the co-culture experiments. In co-culture experiments WT-BMDCs or MHC class II −/− G-BMDCs and T-cells were mixed in a 1:2 ratio and incubated in complete RPMI containing 10% heat inactivated FBS. In co-culture experiments, cells were cultured for five days unless stated otherwise. In some experiments CD4+ T cells were stimulated with Mouse T-Activator CD3/CD28 Dynabeads ® (life technologies).
Flow cytometry, antibodies and intracellular staining. Samples were analysed using CyAn ADP analyser (Beckman Coulter). Anti-CD4-FITC, Anti-CD4-eFluor 780, Anti-Foxp3-PE, anti-Foxp3-PE-Cy5.5, anti-Foxp3-APC, anti-OX40-APC, anti-CD39-PE, and anti-OX40L-PE were purchased from Affymetrix eBioscience (San Diego, CA). Anti-phospho-p65-Alexa(R)488 and anti-phospho-RelB-PE were purchased from Cell Signaling Technology (Danvers, MA). Anti-CD44-FITC was purchased from Tonbo Biosciences (San Diego, CA). CellTrace violet used to detect cell proliferation was purchased from Thermo Fisher Scientific (Weltham, MA). Functional anti-CD3 was obtained from Tonbo Biosciences (San Diego, CA). For intracellular staining, cells were fixed and then permeabilized using Foxp3/Transcription Factor Staining Buffer Kit purchased from Tonbo Biosciences (San Diego, CA).
Western blot.
Thymocytes and splenic CD4+ T-cells were isolated and stimulated with IL-2, OX40L or both.
After 24-72 h, cells were harvested, washed with PBS, lysed with Laemmli buffer (BioRad), and then resolved by SDS-PAGE. PVDF membrane (BioRad) was used for protein transfer and the membrane was blocked with a blocking solution (TBST, 5% skim milk, 3% BSA) overnight at 4 °C then washed. Blot was stained with an anti-pRelA primary antibody (Cell Signaling Technology) followed by a HRP-conjugated 2nd antibody, and then washed and developed using an ECL detection kit (Pierce Scientific).
Screening of Kinase inhibitors. Total CD4 + or CD4 + CD25 + T-cells were isolated from the spleen of NOD mice, incubated in 96 well plate containing Kinase Inhibitors: Lavendustin A (EGFRK), SB-202190 (p38 MAPK), GF 109203X (PKC), LY 294002 (PI3K), and SC-514 (IKK2) (final conc.12.5 µM) for 6 hours. Cells were then washed and co-cultured with G-BMDCs, Exogenous IL-2 was added in the case of CD4 + CD25 + T-cells. After five days, cells were harvested and Treg proliferation was analysed by flow cytometry. Kinase inhibitors were obtained from High-Throughput Screening, Research Resources Center, University of Illinois at Chicago.
Ex vivo suppression assay. Naïve CD4 + T-cells, depleted of CD4 + CD25 + Tregs, were isolated from spleens of diabetic NOD mice using CD4 + CD25 + Regulatory T-cell Isolation Kit from Miltenyibiotec Inc. Subsequently, these effector T cells were labelled with CellTrace violet from Thermo Fisher Scientific. Labelled cells were then incubated in round bottom 96-well plate containing anti-CD3 (2 ug/mL) and splenic APCs. Isolated CD4 + CD25 + Tregs from OX40L-treated and untreated control NOD mice were co-cultured with CellTrace violet labelled naïve CD4 + T-cells at different ratios. After 48 hours, cells were harvested and analysed by flow cytometry for the proliferation of naïve CD4 + T-cells.
Microscopy and ImageJ analysis. Pancreata were collected from euthanized mice, fixed in formalin, and embedded in paraffin. Tissue sections were prepared and stained using hematoxylin and eosin (H&E). Stained sections were evaluated to determine the degree of cellular infiltration into the islets. Alternatively, tissue sections were stained with guinea pig anti-insulin antibody (ab7842; abcam) followed by TRITC-conjugated anti-guinea pig IgG antibody (T7153) and DAPI (D9542) (Sigma-Adlrich). Sections were observed using a Zeiss Laser Scanning Microscope; LSM 710. Wild type (C57Bl/6) splenic CD4 + T cells were isolated as described above. Cells were then cultured in the presence of IL-2 (10 U/ml) with or without OX40L (7.5 µg/ml). After 48 hr, using Cytospin centrifuge, cells were transferred onto a glass slide. Cell were stained with anti-TRAF1-FITC antibody (sc-6253) and anti-Foxp3-Alexa Fluor 647 (sc-130666), anti-OX40 (sc-11403) purchased from Santa Cruz (Dallas, TX), -rabbit polyclonal antibodies followed by TRITC-conjugated Anti-Rabbit IgG antibody (ab6718), purchased from abcam (Cambridge, MA), and DAPI (D9542), purchased from Sigma-Adlrich (St. Louis, MO). After staining, slides were examined by confocal microscopy (Zeiss Laser Scanning Microscope; LSM 710). Confocal images were analysed with ImageJ software. Regulatory T cells were identified by Foxp3 and DAPI Staining. OX40 and TRAF1 staining was merged and the median intensity of merged colour from each cell was measured. Ten cells were analysed in the OX40L and IL-2 treated group and eleven were analysed in the IL-2 alone treated group. Statistical significance was measured between the two groups.
RNA extraction, Real-Time-PCR, and Micro-array. Total RNA was extracted from freshly isolated Tregs (CD4 + CD25 + ) and Teff (CD4 + CD25 − ) using RNeasy column (Qiagen). cDNA synthesis was done using iScript cDNA synthesis kit (BioRad) following manufacturer's instructions. iQ SYBER Green Supermix was used for RT-PCR on CFX Connect Real-Time PCR Detection System (BioRad). TRAF1-7 and IL-2 gene specific primers are listed in Supplementary Table S1 . Fold change of gene expression values were calculated using comparative ΔCt method following normalization to GAPDH then expressed as fold change in Tregs over respective Teffs.
Microarray analysis of gene expression between proliferating and resting Tregs was done using the Affymetrix GeneChip Mouse Genome 430 2.0 array as described before 64 . Gene expression data was submitted to NCBI-GEO (Accession No. GSE81051) 64 . Heat maps for micro-array were generated using RStudio software. IL-2 measurement by ELISA and RT-PCR. WT and PKC-Ѳ −/− splenic CD4 + CD25 − T cells were isolated using mouse CD4 + CD25 + Regulatory T-cell Isolation Kit (Miltenyibiotec Inc). Isolated cells were stimulated with
Mouse T-Activator CD3/CD28 Dynabeads ® (life technologies) for 20 hours. IL-2 levels in the culture supernatants were measured by ELISA using Mouse IL-2 ELISA Ready-SET-Go! (Invitrogen, Thermo Fisher Scientific). Cell pellets were used for RNA isolation, followed by cDNA synthesis. IL-2 mRNA levels were compared by RT-qPCR.
Statistical analysis. MS-Excel from MS-Office application software was used to calculate average, standard deviation and statistical significance. For the determination of statistical significance Student's T-test was used. A p-value of ≤0.05 was considered significant.
